Purpose. To review radiographic changes in the proximal femurs of children of different ages during the course of treatment for nutritional rickets. Methods. Pelvic radiographs of 161 children aged ≤13 years with nutritional rickets were retrospectively reviewed. Patients were treated with dietary counselling and vitamin D and calcium supplementation. Patients were followed up at week 3 and thereafter at a 2-month interval until ulnar convexity was achieved. Sequential radiographs of the hips in children of different ages were reviewed for each growth plate in terms of (1) the direction of growth, (2) active areas, (3) contribution of growth, and (4) the structure of the epiphysis. Radiographs were superimposed for comparison by matching the triradiate cartilage and the ischial portion of the obturator foramen. Results. The direction of growth of the growth plates was from the physeal plate that is the longitudinal growth plate of the neck (LGP), the femoral neck isthmus (FNI), and the trochanteric growth plate (TGP) to the diaphyseal region, and from the perichondrium to the ossification centre in the proximal femoral epiphysis. Before the age Radiographic changes in nutritional ricket hips in children in response to treatment of one year, the growth zone of the proximal femur was homogenous, with no differentiation between the LGP, FNI, and TGP. By the age of 2 years, the differentiation was more clearly established; the FNI was usually smaller than the TGP and LGP. By the age of 3 years, the FNI became prominent and the TGP remained small. By the age of 4 years, the ossification centre of the greater trochanter appeared, and the LGP extended medially as a medial overhang (MOH). During the children's growth, the LGP, FNI, or TGP remained active to a variable extent and were distinct until the age of 6 years. Gradually, the periphery of the LGP became less active than the centre of the LGP and gave rise to the 'eye sign'. The MOH generally ceased to be active beyond the age 9 years. By the age of 12 years, the TGP and FNI were minimally active and only the centre of the LGP remained active. Conclusion. The mineralisation process of healing rickets provides a useful biological marker for patterns of growth. Knowledge of the quantitative contribution of various growth plates of the proximal femur in childhood may increase the understanding of the pathomechanism of hip deformations.
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introduction
Rickets is a metabolic disease of growth plate mineralisation and ossification commonly occurring in children and adolescence. [1] [2] [3] [4] Nutritional rickets has been widely studied in terms of aetiologies, 3, 4 variants, [5] [6] [7] clinical presentations, 8, 9 and drug treatments [10] [11] [12] and responses. 13, 14 The growth plates of the proximal femur develop rapidly during infancy and childhood. 15 Traditional methods to study development of the proximal femur involve cadaveric dissection, 16 experiments in animals, 17 radiography, and magnetic resonance imaging. [18] [19] [20] This study reviewed radiographic changes in the proximal femurs of children of different ages during the course of treatment for nutritional rickets.
MATERIAL AND METHODS
Pelvic radiographs of 161 children aged ≤13 years who presented between January 2007 and June 2013 with nutritional rickets (metaphyseal cupping, flaring, epiphyseal plate widening, pathological fractures) were retrospectively reviewed (Table) . Patients with any other skeletal abnormality (dysplastic hip joint) or non-nutritional aetiology (renal or hepatic disease, malabsorption states, antiepileptic drug intake, or any chronic illness) were excluded, as were those with asymmetric projection on radiographs. The diagnosis was based on a combination of clinical, biochemical, and radiological evaluation. Patients were treated with dietary counselling and vitamin D and calcium supplementation. Patients were followed up at week 3 and thereafter at a 2-month interval until ulnar convexity was achieved. 21, 22 Serum calcium, phosphorus, and alkaline phosphatase levels were measured, whereas vitamin D and parathyroid hormone levels were measured at initial presentation only.
In proximal femurs of untreated rickets, there was a lucent gap between margins of growth plates and metaphysis. With treatment, the zone of provisional calcification appeared as a white line in the growth plates. During further mineralisation, the development of proximal femur contributed by different growth plates appeared less radiodense compared with the ossified diaphyseal femur.
Sequential radiographs of the hips in children of different ages were reviewed for each growth plate in terms of (1) the direction of growth, (2) active areas, (3) contribution of growth, and (4) the structure of the epiphysis. The diaphyseal ossified border and proximal margin of growth plates and epiphysis were drawn in black and white lines on initial radiographs and in green and red lines on sequential radiographs. Radiographs were superimposed for comparison by matching the triradiate cartilage (radiolucent gap between the iliac and ischiopubic portion) and the ischial portion of the obturator foramen, using Adobe Photoshop software.
results
The direction of growth of the growth plates was from the physeal plate that is the longitudinal growth plate of the neck (LGP), the femoral neck isthmus (FNI), and the trochanteric growth plate (TGP) to the diaphyseal region, and from the perichondrium to the ossification centre in the proximal femoral epiphysis (Fig. 1) .
Active areas of the physis varied in different age groups. Before the age of one year, the growth zone of the proximal femur was homogenous, with no differentiation between LGP, FNI, and TGP (Fig. 2) . By the age of 2 years, the differentiation was more clearly established; the FNI was usually smaller than the TGP and LGP (Fig. 3) . By the age of 3 years, the FNI became prominent and the TGP remained small (Fig. 4a) . 23 By the age of 4 years, the ossification centre of the greater trochanter appeared, and the LGP had extended medially as a medial overhang (MOH). During the children's growth, the LGP, FNI, or TGP remained active to a variable extent and were distinct until the age of 6 years (Fig. 4b) . Gradually, the periphery of the LGP became less active than the centre of the LGP and gave rise to the 'eye sign' (Fig.  4c) . The MOH generally ceased to be active beyond the age of 9 years (Fig. 4c) . By the age of 12 years, the TGP and FNI were minimally active and only the centre of the LGP remained active (Figs. 5 and 6 ).
Regarding the contribution of each physeal plate in different age groups, the LGP was most active, and the first radiological signs of rickets manifested in the LGP. On average, the LGP contributed twice as much as the FNI or TGP in terms of growth. The medial border of the LGP was active in the form of the MOH and the interplay between the MOH and FNI, the TGP contributed to changes in the neck shaft angle (Figs. 5 and 6 ). The structure of the epiphysis consisted of all the layers until the hypertrophic zone. In younger children, the epiphysis consisted of all zones of cartilage in a hemispherical form around the proximal femoral ossific nucleus starting from the perichondrium. The hypertrophic zone calcified in response to treatment and was visible (Fig. 7) 
discussion
In early childhood, the upper femoral metaphysis is most active, followed by the lower femoral metaphysis, upper humeral metaphysis, both tibial metaphyses, and the distal radial and ulnar metaphyses. 24 During ossification of the cartilage tissue, chondrocytes differentiate into sequential morphological zones in the epiphyseal growth plates known as resting, proliferative, hypertrophic, and ossification zones. The hypertrophic chondrocytes are subjected to calcification of the surrounding matrix, followed by vascularisation of the calcified tissue and accumulation of osteoclasts and osteoblasts. 2 In rickets, the resting and proliferative zones are unaffected. 25 Failure of apoptosis of the hypertrophic chondrocytes results in irregular and deformative expansion of the cartilage tissue formed by hypertrophic chondrocytes. This leads to build-up of cartilage and widening of the physis in the axial dimension (longitudinal bone growth). In addition, failure of terminal differentiation of chondrocytes to mineralise the matrix in the hypertrophic zone results in non-formation of the zone of provisional calcification and fading of the metaphyseal trabecular bone into the lucent cartilage of the physis, with no distinct margins. In severe rickets, the enlarging mass of disorganised cartilage can expand the metaphysis transversely, producing widening of bone ends. It may also expand into the metaphyseal region, causing metaphyseal cupping. Treatment enables calcification of hypertrophic chondrocytes, formation of the zone of provisional calcification, and restoration of normal endochondral ossification, with terminal differentiation and apoptosis of chondrocytes. The mineralisation process can be used as a biological and radiological marker.
In our study, the LGP of the proximal physeal plate was very active and extended medially on the femoral shaft as the MOH, and extended laterally as the FNI and TGP. The FNI was a significant component of the lateral physeal plate before the trochanter appeared. The plates became differentiated by the age of 2 years and remained distinct until the age of 6 years. Gradually, the activity of the plates diminished, and by age 12 years, only the centre of the LGP was active.
Knowledge of growth plate activity in different age groups can guide surgical planning. A varus or valgus osteotomy performed at a younger age (<6 years) can remodel the growth plates, owing to the combined effects of the LGP, TGP, FNI, and MOH. The FNI and TGP of the lateral proximal femur probably work as a physis, similar to those at the end of long bones beyond the age of 2 years. If the TGP is arrested or has undergone epiphysiodesis, FNI has an apparent valgisation effect, with an increase in the lateral femoral neck. However, in an early epiphysiodesis (before the age of 6 years), the effect is partially offset by the MOH. A diminishing effect of trochanteric epiphysiodesis may occur even up to the age of 10 years. 26 The optimal age for epiphysiodesis is 6 to 9 years when the MOH is less active. In addition, the displaced femoral neck fracture in children appears to be a variant of the Salter Harris type IV injury, and there may be physeal arrest of the FNI component and deformities in the form of a long slender neck, coxa vara, or coxa valga. 27 Hip joint surgery in children should avoid violating the nonapparent TGP and FNI physeal plates.
A limitation of this study was that the radiographs were from pathological cases, in which manifestations may vary in terms of the severity of nutritional rickets, the response to treatment, nutritional status, weightbearing status, and age of the children. The bone age may not match with the age of the children, owing to malnutrition. The radiographs were 2-dimensional and could not quantify the 3-dimensional structure of the proximal femur. Nonetheless, the use of mineralisation process as a biological marker for morphological development for the proximal femur is a new initiative.
conclusion
The mineralisation process of healing rickets provides a useful biological marker for patterns of bone growth. Knowledge of the quantitative contribution of various growth plates of the proximal femur in childhood may increase the understanding of the pathomechanism of hip deformations.
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